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Abstract 
The influence of organic coating on the light scattering coefficient (σsp) of sea salt aerosols was studied in this paper 
theoretically and experimentally. A light scattering system, including a Flow Tube, a nephelometer, SMPS, CPC and 
humidification system, was used to study the relative humidity and secondary organic aerosol (SOA) coating 
dependence of the particle light scattering coefficients. Monodisperse particles were generated to test the stability 
and uncertainty of this system. Light scattering coefficients of sodium nitrate seed particles, SOA particles produced 
by photochemical reaction of α-pinene with NO2 and SOA coated sodium nitrate particles were recorded and 
simulated with core-shell Mie theory. Results show that sodium nitrate seed particles take up water with RH 
increases and the light scattering coefficients increase accordingly. In the presence of sodium nitrate seed particles, 
low volatility organics resulted from the photochemical reaction of α-pinene with NO2 condense on the surface of 
sodium nitrate seed particles and change the light scattering coefficient greatly. Mie core-shell theory can model the 
light scattering of water and SOA coated aerosols when the size distributions of pure SOA particles and coated 
particles are resolved by an empirical equation. 
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1. Introduction 
Aerosols play a great role in the environment and climate change issue because they can scatter and absorb 
incoming solar radiation and terrestrial radiation, thus affect the cloud optical properties and result in atmospheric 
visibility or climate change [1]. Primary aerosols are emitted directly into atmosphere from many sources, such as 
fossil fuel combustion, biomass burning, mineral dust, sea salt from sea water splash, and biological materials etc. 
Secondary organic aerosols (SOA) form in the atmosphere by homogeneously nucleation of photooxidization 
products of organic gas phase compounds, condense of gas phase compounds on the pre-existing aerosols or 
heterogeneously reactions.  
Inorganic nitrates are the main source of global atmospheric particulate pollutants, particularly in coastal areas [2]. 
Inorganic nitrates are well known to take up water and deliquesce which changes both the particle size and refractive 
index, and thus changes the light scattering as well [3, 4]. Whereas Secondary Organic Aerosols (SOA) are produced 
by photo oxidation of organic pollutant with O3, OH and NOx constantly and play an important role in the light 
scattering ability of inorganic aerosols [5, 6]. SOA condense on the surface of inorganic seed particles and change the 
light scattering ability of seed aerosols. There are only a few studies attempting to elucidate the light scattering 
property of coated aerosols. Naama et al [7] studied the morphology of mixed aerosols. They mainly focused on the 
impact of particle microstructure on the refractive index of aerosols composed of different mixing format. The 
proper deduce of effective refractive index will help us understand the radiative property and climate change study. 
As for the particle microstructure, Alla et al  studied the particle composition, shape, density and morphology of 
dioctyl phthalate coated particles on size selected sodium chloride aerosols using a single particle Mass 
Spectrometer-SPLAT, which make it possible to measure the single particle size, density, shape, and internal 
composition of these complex mixed or coated particle systems. Most works focus on the light scattering of coated 
soot particles. Khalizov et al[8] did laboratory study on light scattering of size selected carbon soot aerosols by 
double-DMA mixed with nonabsorbing sulfuric acid using a cavity ring-down spectrometer and an integrating 
nephelometer. While studies on SOA coated sea salt particles are very rare, especially on light scattering 
enhancement studies of this system. The influence of organic coating on the light scattering coefficient (σsp) of seed 
aerosols is therefore an important issue for climate forcing predictions. 
The intent of this paper is to investigate the dependence of relative humidity on light scattering coefficients of 
sodium nitrate (NaNO3) aerosols and the influence of organic coating on the light scattering property of sodium 
nitrate aerosol experimentally and theoretically by Mie theory. The closure between measurement and modeling 
light scattering coefficients are evaluated. We chose here the α-pinene NO2 photolysis products as the coating on 
sodium nitrate aerosols for the reason that α-pinene photolysis has been well studied extensively.  
2. Experimental Section 
2.1. Particle generation and Humidification 
Polydisperse sodium nitrate particles were generated by bubbling purified air at 20 psi through a constant output 
atomizer (TSI 3076) containing 0.5gL-1 NaNO3 solution, then diluted by 20 lpm dry air or humidified air. The 
humidified air was generated by passing part of the 20 lpm dry air through a bubbler to get different humidity 
between 0% and 90%. Then the total flow passing through a neutralizer was split into two flows, one is 0.3 lpm for 
SMPS (TSI 3936) to measure aerosol size distribution, the rest flow went into nephelometer (TSI 3563) to measure 
the total and back light scattering coefficients at three wavelengths (450nm, 550nm and 700nm). A mass controller 
was used to control the flow of humidified air and dry air. The experiment started from the very low relative 
humidity of 12.2%to 78.6% which is just above the deliquescence point of NaNO3. 
Prior to each extensive experiment, the uncertainty of light scattering and size distribution scan system were 
evaluated with standard Polystyrene Latex Spheres (PSL) of 300nm and 600nm diameters (Duke Scientific. Cop.) 
The generated PSL aerosols passed through two diffusion dryers (TSI 3062), and were diluted with 12 lpm purified 
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dry air, then passed through a neutralizer. The same SMPS and nephelometer were used to scan the size distribution 
and the light scattering coefficients. The measured geometric mean diameters for different standard PSL were 
309nm and 599nm which were within 1% of the diameters reported by Duke Scientific Cop. And the agreement 
between measured and Mie calculated light scattering coefficients at three wavelengths are within 10% of relative 
error. And the 300 second scan time of SMPS can increase the accuracy of the number counting and improve the 
agreement between experimental and theoretical light scattering coefficients.  
2.2. Particle coating 
A high-volume, slow-flow, cylindrical, stainless steel flow tube system [9] was used to study the formation and 
reaction of sodium nitrate, SOA aerosols and SOA coated sodium nitrate aerosols. The detailed description of the 
Flow Tube can be found in reference [9]. Measurement apparatus were attached to it directly, including relative 
humidity and temperature probes, NOx analyzer, ozone analyzer, scanning mobility particle sizer (SMPS, TSI 3096 
with TSI DMA 3080 and TSI CPC 3022A), aerodynamic particle sizer (APS), integrating nephelometer(TSI 3569). 
Prior to each experiment, the flow tube was cleaned and flushed completely by purified dry FTIR purge air for at 
least 24 hours. Then the sodium nitrate seed aerosols were flushed into it overnight to get equilibrium. The seed 
aerosols were generated with a TSI 3076 constant output atomizer. Then aerosols flew through two diffusion dryers 
(TSI ) and diluted with 4.5 L min-1 of dry air, then added into the flow tube at the 1st spoked center inlet. Additional 
flows of dry air were added through the peripheral inlets (10 L min-1) and the 2nd spoked inlet (5.0 L min-1). Real 
time size distribution and light scattering coefficients were recorded from one of the port nephelometer and SMPS.  
When the whole system was in an equilibrium state, 1.8 ppm NO2 was added into Flow Tube at the 2nd spokes 
hub, the concentrations of NO, NO2 and O3 were monitored with time.  When the three concentrations were leveled 
off, 1.8 ppm purified α-pinene (Aldrich 99.0%, passing through a glass column of neutral aluminum oxide to 
remove oxidized impurities.) injected by a syringe in a flow rate of 7.78μl/h was injected into the Flow Tube by 
mixing with the 5.0 lpm dry air in a 5 L mixing bulb. Wait until the both the gas concentration and particle size 
distribution were equilibrium again, turn on the 311 nm lamp (Phillips, TL100W/FS72) inside Flow Tube. Once the 
light on, the photooxidation of α-pinene started. The change of size distribution and light scattering coefficients of 
this mixed system were recorded at the same time.  
Computer programs for single layer spheres based on the Mie light scattering code of Bohren and Huffman [10] 
and layered spheres based on Aden-Kerker’s theory [11] were developed with Matlab. These codes used the inner 
functions of MATLAB such as Bessel Function, Hankel Function and Legendre Function, without using the 
classical Continued Fraction Method and Modified Downward Recurrence Method. Particles were assumed to be 
spheres for all the particles generated in this study. The refractive index and density of sodium nitrate as a function 
of relative humidity were derived from [12]. The refractive index of PSL refractive indices at three wavelengths were 
taken from [13]. Refractive index of SOA particles was deduced from homogeneously nucleated SOA particles and 
compatible to [14, 15]. 
3. Results and Discussion 
3.1. Dependence of light scattering coefficients of sodium nitrate aerosols on relative humidity 
The stability of aerosol generation is very important in our experiment. The stability of the output from atomizer 
was checked by monitoring the change of σsp during 15 minutes. It was proved that the atomizer has a constant 
output because the change in during that time period was smaller than 1%. Fig. 1 shows the typical size distribution 
of generated sodium nitrate aerosols at 12% relative humidity which have a total number concentration of 6.17×105 
(#/cm3), geometric mean diameter of 59.9 nm and a geometric standard deviation of 1.79.  RE
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Fig. 1. Size distribution of sodium nitrate aerosol at 12% relative humidity. 
For comparison of measured scattering coefficients with modelled values based on Mie theory, the particles were 
assumed to be spherical with a homogenous composition and uniform density. Modelled light scattering coefficients 
were calculated with the SMPS measured size distribution and refractive index at nephelometer measured relative 
humidity taken from Tang’s papers[12]. The heating effect of nephelometer has been minimized by using external 
ventilation way and errors from nephelometer wavelength uncertainty, RH reading uncertainty, and diameter 
uncertainties are neglected here because their influence are small compared to SMPS counting [16]. Fig.2 shows the 
measured and modelled light scattering coefficients of NaNO3 particles at different relative humilities. 
 
 
Fig. 2. Measured and modelled light scattering coefficients of NaNO3 particles at different relative humidity. 
It can be seen from Fig. 2, the measurement and calculation matched very well below the deliquescence relative 
humidity (DRH, 75.5%) and the relative errors are smaller than 12.7% at 450nm, 5.3% at 550nm and 5.8% at 
700nm, respectively. However, the discrepancy was apparent when RH increased to 78.1% when the nephelometer 
outlet relative humidity was used to stand for the sample relative humidity. The relative errors between the measured 
and modelled scattering coefficients were -31.45% (450nm), -24.74% (550nm) and -25.65% (700nm), respectively. 
This difference was attributed to sampling losses and was empirically corrected by multiplying σsp of the humidified 
nephelometer by 1.058 (DOE/ARM, PM10), 1.066 (DOE/ARM, PM1) and 1.031 (PSI, both size cuts). The 
modelled light scattering coefficients were small compared to the measured values which partly due to the SMPS 
scan limitation that undercount particles grew larger than the upper cut diameter. Besides, corrections from 
nephelometer nonidealities [16] and heating effect inside nephelometer were proved to be able to reduce the 
discrepancies to <±10% [17]. According to the definition of deliquescence, there should be a prompt increase both in 
particle size and light scattering coefficients by a small increase in RH [17, 18]. It can be seen from Figure 5 that a big 
step of σsp increase appeared when the RH increased by only a small value while there was not a dramatic increase 
in particle size (Fig. 3). Since the sample heating inside nephelometer lower the sample relative humidity, the RH at 
nephelometer inlet should be higher than RH at nephelometer outlet. So particles deliquesced inside nephelometer 
would underwent a metastable process. Most of particles were in solid state and others transformed into droplets and 
kept on taking up more water to deliquescence. So in the following experiments, we used external ventilation to 
minimize the heating effect.  
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Fig. 3. NaNO3 particle size distributions at different relative humidity. 
3.2. Light scattering of SOA particles 
When α-pinene and NO2 reacted in the flow tube with 311 nm lamp on without sodium nitrate seed, SOA 
particles were generated and the size distribution changed a lot and particles larger than SMPS cutoff diameters 
produced. So size distribution was measured by combining the scan results of SMPS and APS. The SMPS sampled 
at 0.3 lPM (sheath flow was 3 LPM), the APS sampled at 5 lpm. The SMPS classifies particles according to their 
mobility in an electric field and gives the electrical mobility diameter of particles depending on the particle cross 
section, and for a spherical particle, the mobility diameter is the same as the physical size. While APS measurement 
gives the particle aerodynamic size by retrieving the signal from the time-of-flight spectrum [19] and assuming the 
spherical particle density of 1.0 g/cm3. However, unlike SMPS, the aerodynamic size is related to particle density, 
size, and shape. When the particle is a sphere, the physical diameter is related to the aerodynamic diameter by the 
equation U/aerophy dd  [20], where is the effective density of SOA from α-pinene-NO2 reaction system [21]. So, we can 
get the physical diameter of particles from SMPS and APS. Fig. 4 shows the change of particle size distribution 
versus the oxidation time every 18 minutes. It was very interesting to see that the particles formed like a monomodal 
distribution, then in underwent a bimodal distribution and finally monomodal distribution. This size distribution 
figure was a connected distribution from SMPS and APS. 
 
Fig. 4. Change of particle size distributions versus the oxidation time every 18 minutes. 
The known reaction product from α-pinene and NO2 oxidation is a complicated system comprised of many kinds 
of organic compounds. Technically, the real component of the refractive index for dry SOA particles should fall 
between the compound with the lowest refractive index and the highest refractive index. However, not all the 
refractive indices of all compounds are known. We used the refractive indices of n=1.48 at 450nm, n=1.45 at 550nm 
and n=1.41 at 700nm to calculate the light scattering coefficients  and found good agreement between measurement 
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and calculation. This is comparable to values in Schnaiter’s study[14] and Wex’s study[15]. Using the combined size 
distribution from SMPS and APS, the modelled light scattering coefficients from Mie theory are shown in Fig. 5. 
The relative error between measurement and calculation were <±7.5% in all the three wavelengths for monomodal 
SOA particles and ±9.2% for bimodal SOA particles.  
 
Fig. 5. Measured and modeled light scattering coefficients of SOA particles. 
3.3. Light scattering of SOA coated NaNO3 aerosols 
Fig. 6(a) shows the particle size distribution of seed sodium nitrate particles and the evolution of size distribution 
of sodium nitrate seeded experiments. It can be seen from Fig. 6(a) that the total number concentration increased 
after α-pinene oxidation. In the presence of pre-existing seed NaNO3 particles, some of the oxidized organics 
condensed on the seed particles, thus the seed particles got SOA coatings. Some of SOA particles exist in 
homogeneous nucleation. The evolution of SOA particles underwent a quite different way and there is no bimodal 
distribution appears when produced in the presence of sodium nitrate seed particles. Fig. 6 shows the size 
distribution before and after the oxidization when the system became stable. It can be seen from Fig. 6(a), the total 
particle number increased by forming homogeneous SOA particles and the size shifted to larger diameter resulting 
from NaNO3 particles getting coated by SOA. In order to calculate the light scattering coefficient by layered Mie 
theory, the coating thickness outside the NaNO3 core was calculated according to reference(Alla, et al, 2008). Then 
the size distribution of SOA coated NaNO3 particles are shown as the dotted curve in orange colour. Apparently, the 
size distribution of homogeneously nucleated SOA particles is the dotted curve in green. With these distributions, 
we can calculate the theoretical light scattering coefficients and correlate them with nephelometer measurement in 
Fig. 6(b). The continuous lines are the measured light scattering coefficients and the horizontal lines are the 
calculated theoretical values for total light scattering coefficients at 450, 550 and 700nm, respectively. All the 
measurement and calculation agreed very well with the relative error smaller than 8%. 
 
Fig. 6. (a) Size distribution of the of the NaNO3 particles, the complex of SOA particles, the coated NaNO3 particles and the homogeneously 
nucleated SOA particles; (b) Light scattering coefficients from nephelometer measurement and Mie simulation. 
0.00E+00
1.00E-04
2.00E-04
3.00E-04
4.00E-04
5.00E-04
6.00E-04
7.00E-04
8.00E-04
12:57 13:26 13:55 14:24 14:52 15:21 15:50 16:19
Time
sc
at
te
rin
g 
co
ef
fic
ie
nt
(m
-1
-12.00%
-2.00%
8.00%
18.00%
28.00%
38.00%
48.00%measurement
calculation
relative error
0
500
1000
1500
2000
2500
3000
0 100 200 300 400 500 600 700 800 900
Diameter(nm)
N
um
be
r c
on
ce
nt
ra
tio
n(
#/
cm
3)
NaNO3 seed aerosol
SOA coated NaNO3 seed and homogeneously
nucleated SOA
derived distribution for SOA caoted NaNO3
seed aerosl
derived distribution for homogeneously
nucleated SOA
0.00E+00
5.00E-04
1.00E-03
1.50E-03
2.00E-03
2.50E-03
3.00E-03
9:36:00 10:48:00 12:00:00 13:12:00 14:24:00 15:36:00
Time
Sc
at
te
rin
g 
co
ef
fic
ie
nt
(m
-1
)
SOA and SOA
coated NaNO3
aerosol
NaNO3 seed
aerosol
RE
TR
AC
TE
D
1210   Yan Li et al. /  Procedia Engineering  102 ( 2015 )  1204 – 1211 
Conclusions 
Secondary organic aerosol coatings coming from photooxidation of organic compounds in air influence the light 
scattering coefficient of sea salt aerosols significantly. In order to illuminate how the light scattering property 
changes at humid environment and with organics photooxidation coexisting, an experimental system was established 
and measured at the simulated situation. Mie theory was utilized to model the light scattering coefficients 
simultaneously. The following conclusions can be drawn from this study. When relative humidity increased, sodium 
nitrate particles take up water and the light scattering coefficients at three measured wavelengths increased for the 
increase of particle diameter. With the photooxidation of α-pinene with NO2, the secondary organic aerosol particles 
formed and some of which condensed on the surface of sodium nitrate particles, which caused the dramatic change 
of light scattering coefficients. When the particle composition and size distribution of the complicated system were 
handled and resolved properly, the Mie core-shell model can simulate the light scattering property accurately. The 
method proposed in this paper will be a very good when dealing with light scattering properties of sea salt aerosols 
in coastal and salt lake region. 
Acknowledgements 
This study was supported by national science foundation (21207066). We are grateful to Barbara J. Finlayson-
pitts and Michael J. Ezell for the generous offer of doing experiment in their lab and helpful discussions on the 
experimental results.  
References 
[1] IPCC. Climate change. In: Team, C.W., Pauchauri, R.K., Reisinger, A. (Eds.), The IPCC 4th Assessment Report, p. 104. Synthesis report. 
Contribution of Working Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, Geneva, 
Switzerland, 2007. 
[2] E.R. Lewis, S. E. Schwartz, Sea Salt Aerosol Production: Mechanisms, Methods, Measurements and Models. A Critical Review, American 
Geophysical Union, Washington, D.C, 2005. 
[3] R. Fierz-Schmidhauser, P. Zieger, G. Wehrle, A. Jefferson, J.A. Ogren, U. Baltensperger, E. Weingartner, Measurement of relative humidity 
dependent light scattering of aerosols. Atmospheric Measurement Techniques 2010, 3, 39-50. 
[4] I.N. Tang, Chemical and size effects of hygroscopic aerosols on light scattering coefficients, Journal of Geophysical Research 1996, 101, 245-
250. 
[5] A. Alshawa, O. Dopfer, C.W. Harmon, S.A. Nizkorodov, J. S. Underwood, Hygroscopic growth and deliquescence of NaCl nanoparticles 
coated with surfactant AOT. Journal of Physical Chemistry A, 2009, 113, 7678-7686.  
[6] C.W. Harmon, R.L. Grimm, T.M. McIntire, M.D. Peterson, B. Njegic, V.M. Angel, A. Alshawa, J.S. Underwood, D.J. Tobias, R.B. Gerber, 
M.S. Gordon, J.C. Hemminger, S.A. Nizkorodov, Hygroscopic growth and deliquescence of NaCl nanoparticles mixed with surfactant SDS. 
Journal of Physical Chemistry B, 2010, 114, 2435-2449. 
[7] Naama Lang-Yona, Ali Abo-Riziq, Carynelisa Erlick, Enrico Segre, Miri Trainic and Yinon Rudich. Interaction of internally mixed aerosols 
with light, Phys. Chem. Chem Phys., 12, 21-31, 2010 
[8] A. F. Khalizov, H. X. Xue, L. Wang, J. Zheng, R. Y. Zhang, Enhanced Light Absorption and Scattering by Carbon Soot Aerosol Internally 
Mixed with Sulfuric Acid. J. Phys. Chem. A, 2009, 113, 1066–1074. 
[9] M. Ezell, S. Johnson, Y. Yu, V. Perraud, E. Bruns, M. Alexander, A. Zelenyuk, D. Dabdub, B. Finlayson-Pitts, A new aerosol flow system for 
photochemical and thermal studies of tropospheric aerosols. Aerosol Science and Technology, 2010, 44, 329-338. 
[10] C. F. Borhen, D. R. Huffman, Absorption and Scattering of Light by Small Particles. Wiley, New York.p.101, 1983 
[11] A. L. Aden, M. Kerker, Scattering of electromagnetic waves from two concentric spheres, J. Appl. Phys., 1951, 22, 1242-1246. 
[12] I. N. Tang, H. R. Munkelwitz, Water activities, densities, and refractive indices of aqueous sulfates and sodium nitrate droplets of 
atmospheric importance. J. Geophys. Res., 1994, 99, 18801–18808. 
[13] S. N. Kasarova, N. G. Sultanova, C. D. Ivanov, I. D. Nikolov, Analysis of the dispersion of optical plastic materials, Optical Materials, 2007, 
29, 1481-1490 
[14] M. Schnaiter, H. Horvath, O. Möhler, K. H. Naumann, H. Saathoff, O. W. Schöck, UVVIS-NIR spectral optical properties of soot and soot-
containing aerosols, J. Aerosol Sci., 2003, 34, 1421–1444. 
[15] H. Wex, M. D. Petters, C. M. Carrico, E. Hallbauer, A. Massling, G. R. McMeeking, L. Poulain, Z. Wu, S. M. Kreidenweis, and F. 
Stratmann. Towards closing the gap between hygroscopic growth and activation for secondary organic aerosol: Part 1 –Evidence from 
measurements, Atmos. Chem. Phys. 2009, 9, 955–989.  
RE
TR
AC
TE
D
1211 Yan Li et al. /  Procedia Engineering  102 ( 2015 )  1204 – 1211 
[16] D. M. Murphy, J. R. Anderson, P. K. Quinn, L. M. McInnes, R. J. Brechtel, S. M. Kreidenweis, A. M. Middlebrook, M. Pośfai, D. S. 
Thomson, P. R. Buseck, Influence of sea-salt on aerosol radiative properties in the Southern Ocean marine boundary layer, Nature, 1998a, 
392, 62–65. 
[17] P. Kus, Measured and modeled light scattering values for dry and hydrated laboratory aerosols, J. Atmos. Oceanic. Technol., 2004, 21, 981-
994. 
[18] R. Ferz-Schmidhauser, P. Zieger, G. Wehrle, A. Jefferson, J. A. Ogren, U. Baltensperger, E. Weingartner, Measurement of relative humidity 
dependent light scattering of aerosols, Atmos. Meas. Tech., 2009, 2(2), 2161-2190. 
[19] A. J. Armendariz, D. Leith. Concentration measurement and counting efficiency for the aerodynamic particle sizer 3320, Journal of Aerosol 
Science, 2002, 33(1), 133–148. 
[20] W. C. Hinds, Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles, Wiley-Interscience; 2th edition, 1999.  
[21] A. Zelenyuk, M. J. Ezell, V. Perraud, S. N. Johnson, E. A. Bruns, Y. Yu, D. Imre, M. L. Alexander, B. J. Finlayson-Pitts, Characterization of 
Organic Coatings on Hygroscopic Salt Particles and Their Atmospheric Impacts, Atmospheric Environment, 2010, 44(9), 1209–1218. 
 
RE
TR
AC
TE
D
